Abstract Mussel beds show irregular cycles of appearance, disappearance and reappearance at preferred distinct locations on intertidal flats. These cycles are documented in the depth profile by the presence of shell-rich sediments intercalated with sandy layers. Such mussel bed layers were regularly found over the past 12 years on the Swinnplate, a back-barrier tidal flat south of Spiekeroog Island, southern North Sea. They are characterised by the occurrence of sub-articulated pairs of Mytilus shells. Based on life span considerations, a period of at least 35-40 years over which mussel beds may have repeatedly established themselves is suggested. A survey in spring 2000 revealed a reduced occurrence of old, embedded beds on the Swinnplate. The present results, based on core profiles from 1992 to 2000 and amino acid age determination, show that alternations of shell layers indicative of former Mytilus beds and sediment layers provide insight into the historic development of tidal flat environments. The frequent occurrence of sub-articulated valve pairs in the shell layers documents that the embedding of the mussel beds took place soon after the death of the organisms without prior physical disturbance. Successions of historic Mytilus beds provide evidence that mussel beds are a regular, but not necessarily permanent, faunal feature of back-barrier tidal flats of the North Sea.
Introduction
The blue mussel, Mytilus edulis L., represents one of the most numerous organisms of the sessile epizoobenthos in the tidal environment of the southern North Sea. On tidal flats the mussels appear in various densities ranging from clusters of a few specimens, sparsely distributed on the sediment surface, to patches covering several square metres and, ultimately, to extensive areas of densely populated Mytilus beds. In the back-barrier area of Spiekeroog Island, East Frisian Wadden Sea, mussel beds covered about 10% of the total tidal flat surface between 1988 (Hertweck 1995 . Despite this low overall areal coverage the mussel beds, by their dark-coloured appearance and rugged relief, constitute the most conspicuous biological surface feature of the East Frisian tidal flats.
Most frequently, Mytilus beds occur on the central platforms of tidal flats, where larvae initially settle on tubes of the polychaete Lanice conchilega (Hertweck 1995) and dead shells or living specimens of the cockle Cerastoderma edule (Schäfer 1970; Wehrmann 1999) . Colonisation of the bare sediment surface is also possible. The mussels then support themselves by mutual byssus-fixing (Wehrmann 1999) . Formation of Mytilus beds in the marginal parts of tidal flats may also occur. In such cases, fixation occurs on shell accumulations in this zone, mostly originating from eroded former colonies of Mya arenaria.
Earlier field observations on the Swinnplate in the back-barrier area of Spiekeroog Island had shown that buried remains of Mytilus beds can often be found in sediment depths of up to 25 cm. Therefore, it was of interest to typify the facies characteristics of the sediment column underlying living Mytilus beds with regard to particular features reflecting the former occurrence of mussel beds. This should provide insight into the relevant time scales and also information on the stability of the sediment and shell layers in tidal flat areas regularly colonised by Mytilus edulis.
Thus, the palaeontological aspect of Mytilus beds in this area was investigated from 1992 to 1996 within the scope of the Lower Saxonian Ecosystem Research Programme (Hertweck 1992 (Hertweck , 1993a Delafontaine 1993; Flemming and Delafontaine 1993, 1994; Hertweck and Liebezeit 1996; Kröncke 1996) to establish the history of this biotope. These investigations focused on facies development in the upper sediment column of tidal flat habitats typically colonised by M. edulis (Hertweck 1995 (Hertweck , 1998 .
While facies development studies in these tidal flats largely depend on identifiable remains of mussel beds, amino acid stratigraphy requires little sample material. It is, however, applicable only when the presence of a former mussel bed can be unambiguously established. The criterion used is the occurrence of sub-articulated shells, i.e. pairs of corresponding left and right valves close together, in the sediment layers of interest. Amino acid dating has been widely used both in terrestrial (e.g. Goodfriend 1987) and marine systems (e.g. Harada et al. 1997; Nyberg et al. 2001) . In the present communication we therefore extend the palaeontological approach described above by samples taken from 1996 to 2000 using both relief casts and amino acid dating.
We are here, however, confronted with two different time scales. One relates to the observation of the age of living Mytilus individuals in a population while the other reflects the time periods when former Mytilus beds occurred in the area investigated and are now found as specific shell layers at defined sediment depths. Therefore, we will use the terms "individual age" and "chronological age" for the two different age aspects.
The chronological age determination of shell material makes use of the fact that the racemisation of amino acids which are present in the organic matrix of biogenic carbonates is controlled by two factors: time and temperature (Wehmiller 1984; Hare et al. 1997) . Since the latter did not vary significantly in the investigation area over the last few hundred years, the change from the originally deposited amino acid L-form to a mixture of D-and L-forms is only time-dependent. After a suitable calibration, this allows the use of the extent of racemisation as a proxy for the chronological age of the shell material. Aspartic acid, as the fastest racemising compound, has been shown to be suitable for dating recent biogenic carbonates (e.g. Goodfriend 1992; Goodfriend et al. 1996) .
Study area
The investigations were carried out in the East Frisian Wadden Sea, southern North Sea. This region represents an upper mesotidal environment (sensu Hayes 1979) characterised by barrier islands and extensive back-barrier tidal flats which are interrupted by a system of subtidal channels. The study area is situated south of the island of Spiekeroog (Fig. 1) . Here, the tidal range is 2.7 m near the western part of the island and 2.9 m at the mainland. The tidal flat morphology is mainly controlled by tidal currents. In the main channel (Otzumer Balje), which extends from SE to NW, current velocities of 0.7-1.3 m/s were measured (Bartholomä and Flemming 1993) , whereas on the tidal flats 0.3 m/s is a more typical value (Bartholomä 1993; Gehm et al. 2000) . In addition, wave action plays an important role on the tidal flats adjacent to the main channel, especially those exposed to stormy winds from the western sector. Water temperature of the back-barrier area of Spiekeroog ranges between 1°C in winter and 25°C in hot summers, as measured for 1994 and 1995 by Krögel (1997) . The salinity of the back-barrier waters averages 31 PSU. However, peak values of 37 PSU have been measured within the first hour of the flooding tide (Gehm . The sediment distribution of the back-barrier tidal flats of Spiekeroog displays a coarsening succession from S to N (Ziegler 1989; Flemming and Ziegler 1995) .
Materials and methods

Sediment sampling
In 1992 and 1994 sediments were sampled by box cores (10×18× 35 cm, w × l × h) and in 1995 by tube cores (100×12 cm, l × Ø). These were pushed manually into the sediment and then excavated. After transport to the laboratory and drying of the box cores and half of the tube cores at about 80-120°C, durable Araldite relief casts were prepared as described by Reineck (1970) .
In 1995 PVC tubes of 1 m length and 12 cm diameter were used. These were opened and cut into halves. One half was used for relief casts, the other for geochemical analyses. From this, shell material was removed manually and air-dried.
Sedimentary mussel layers are considered as historic beds when a high amount of sub-articulated Mytilus shells occurs in a defined shell layer. These shells have been embedded soon after death of the mussels without reworking processes causing separation of the Mytilus valve pairs.
Age determination
As pointed out above, temperature is a crucial factor in controlling amino acid D:L ratios. Shell material from the box cores taken in 1992 and 1994 was therefore not suitable for dating since the shells washed out of the relief casts had been heated up to 120°C during the hardening of the casts. Other shell material from these cores had been oven-dried at 80-90°C. Shell samples from core MK4 taken in 1995, however, had been air-dried and were hence suitable for dating.
Cores SWP 2000/6(1) and SWP2000/6(2) were obtained in June 2000 at locations already sampled in 1992, 1994 and 1995. Shell samples from these cores were air-dried.
Shell samples were cleaned by scraping off adhering sediment. The remaining organic material was removed by treatment with ice-cold 30% hydrogen peroxide solution. After removal of carbonate with ice-cold 2 M HCl, the remaining organic matrix was centrifuged and washed several times with doubly distilled water. The pellet was transferred to a glass ampoule and 5 ml 6 M HCl (Merck, suprapur) were added. After purging with nitrogen, the ampoules were sealed and heated at 110°C for 24 h.
An aliquot of the hydrolysate was lyophilised and taken up in the same volume of 0.1 M borate buffer, pH 9.5. HPLC separation of aspartic acid (ASP) enantiomers followed the method described by Fitznar et al. (1999) with modifications. Briefly, HPLC running conditions were adjusted for a rapid separation of aspartic acid only. All other derivatives were eluted as an unresolved group of compounds within 25 min.
The age determination based on ASP D:L ratios has been described in detail by Behrends (1997) . Briefly, Cerastoderma edule shells were calibrated against 14 C dates. For Mytilus edulis shells a similar racemisation rate is assumed. Behrends (1997) gives a relative error in age of ±10% for C. edule. However, a comparison of Mya arenaria and C. edule rates gives an additional difference of about 10%. As analytical reproducibility was <2.6% the overall error, including possible differences in racemisation rates between C. edule and Mytilus edulis, is estimated to be about ±30%. Kowalewski et al. (1998) found that D-alloisoleucine:L-isoleucine (D-allo-ILE:L-ILE) ratios might not be suitable for studying processes on time scales shorter than 1000 years. As aspartic acid racemisation is a much faster process, the uncertainty with this technique should be decades rather than centuries. Nevertheless, in the absence of a calibrated kinetic model, the estimated error given above should be borne in mind.
Results
Observations of the growth states of Mytilus edulis specimens in the living mussel bed of the Swinnplate provided insight into the development and repopulation phases in the time period from 1992 to 1996. In September 1992 two generations of living mussels showing mean shell lengths of 6.5 cm and 3.2 cm, respectively, were present. The younger generation could be related to the spatfall of summer 1991 (see Hertweck and Liebezeit 1996) . In July 1994 the Mytilus population of the Swinnplate displayed three generations with mean shell lengths of 7 cm, 5 cm and 0.9-1.3 cm, respectively. The middle generation probably represents the younger one of 1992, i.e. it originated from the 1991 spatfall. The younger generation of 1994 related to a new spatfall in spring of the same year (Kröncke and Bergfeld 1997) . Observations in August and October 1995 revealed that the remaining population of M. edulis corresponded to this last generation. The older generations were represented by dead shells only, having lengths between 5 and 7 cm.
The sediment profile below the mussel bed observed in 1992 displayed two shell layers at sub-bottom levels of 6-9 cm and 14-17 cm. These were mainly composed of Cerastoderma and Mytilus shells. Among the latter, sub-articulated shells, i.e. pairs of corresponding left and right valves close together, were frequent. This suggests that the mussels had been embedded soon after death and before disruption by a storm event. Above all, this points 53 to the former existence of Mytilus beds at this site. Similarly structured shell layers were found at almost the same sub-bottom levels in sediment cores taken on the Swinnplate in 1994 and 1995 (Fig. 2) . In core MK4, taken in 1995, three distinct shell layers can be distinguished (Table 1) . Mytilus shell samples from this core showed an increasing chronological age trend with depth (Fig. 3) . Two exceptions at 25 and 80 cm might be due to the presence of reworked shells. In Fig. 3 the shells in the layer at 16-20 cm have a mean chronological age of 39 years before 1997. From this a net sediment accumulation rate of 34±7 cm/100 years can be calculated. This is in good agreement with the 35±4 cm/100 years obtained by Behrends (1997) for C. edule shells and the 25-30 cm/100 years given by e.g. Kunz (1993) from water gauge data. This sediment accumulation might be either due to concurrent adaptation to the rising sea-level or to the fact that the tidal basin watershed has shifted eastward over the last three centuries (Hohmeyer and Luck 1969). As, however, these aspects were not within the scope of our present investigation this problem was not considered further. It should also be pointed out that with the data at hand at best only a local approach to the problem can be made. A regional or even Wadden Sea-wide attempt to correlate aminostratigraphy with sea level rise would require a correspondingly comprehensive sample set.
The severe ice winter of 1995/96 caused the destruction of the whole Mytilus population on the Swinnplate. The extensive ice coverage, lasting 64 days in the backbarrier area of Spiekeroog Island (WSD 1997), led to a complete removal of the majority of mussel beds and associated fine-grained sediments (Kröncke and Bergfeld 1997) . However, post-mortem mechanical destruction by ice and/or storms did not occur in all parts of the tidal flats and the remains of one Mytilus colony were found at one locality. This colony still showed the original individual age structure, the sub-articulated shells displaying 54 Fig. 2 Correlation of historic Mytilus beds in the sedimentary record of approximately the last 100 years. The chronological ages are estimated for the box cores from 1992 and 1994 (see text) and established by amino acid age determination for the cores from 1995 and 2000. In the box cores from 2000 the upper of the two historic Mytilus beds has been eroded and replaced by younger deposits. The sediment surface was defined as the boundary between the living mussel beds in the year of sampling and the underlying deposits. Mussel bed ages are estimated (italics) or determined by amino acid dating Fig. 3 Chronological age-depth distribution for Mytilus edulis shells in core MK 4. Diamonds data from Behrends (1997). Solid line log(z) = 0.5168*log(age) + 1.4003, r 2 =0.7854; dashed line estimated 30% error in age determination lengths of 5-6 cm, 4 cm and 2.8 cm, respectively. This mussel bed assemblage was similar in its habitual character to the embedded shell layers found in the deeper sections of the sediment column.
In June 2000 a large part of the Swinnplate was again covered with mussel beds (Fig. 2) which originated from the 1996 spat fall. However, in deeper sediment layers the mussel bed remnants found in earlier surveys were not as prominent as before. A distinct Mytilus shell layer was found at 10-14 cm depth in core SWP 2000/6(1) (see Table 2 ), and remnants of such a layer also existed at 10-12 cm depth in core SWP 2000/6(2) (see Table 3 ). In the former, three sub-articulated Mytilus shells had post mortem ages of 8, 19 and 36 years before 2000.
A living Mytilus bed was present at the top of the SWP 2000/6(1) profile, whereas living mussels were lacking in SWP 2000/6(2) which contained a Cerastoderma shell layer only at 5-10 cm depth (Fig. 2) . These shells were covered with a multitude of attachment disks from the byssal threads of a former M. edulis population (Table 3) . Nevertheless, one sub-articulated Mytilus shell was found in the sediment above the Cerastoderma layer.
Discussion
The length of the life period of the individual mussels in the remnants of former mussel beds embedded in the sediment column was estimated on the basis of several features characteristic of living Mytilus beds (see Hertweck and Liebezeit 1996; Hertweck 1998) . According to field observations in the East Frisian tidal environment, the oldest generation of the living mussels observed on the Swinnplate in 1994 may have been 7 years old. Although individual ages of up to 12 years have been reported for blue mussels on oil platforms in the North Sea (Richardson et al. 1990 ), our field experience suggests maximum ages in the back-barrier tidal flats of about 7 years.
The two younger generations reflect subsequent colonisations in the 3rd and 6th year after the initial formation of the bed. As the maximum-sized Mytilus shells in the former mussel beds show lengths of 7 cm, they also correspond to a life span of about 7 years. In this case, the numerical similarity of length and individual age is coincidental. Thus, the time span covered by the three consecutive periods of Mytilus populations may be estimated to be at least 21 years.
However, it is quite reasonable to assume a more extended timespan. In a sequence of mild winters the initial one and one or two subsequent mussel generations originating from regular colonisations may also have reached their maximum individual age, thus giving rise to a Mytilus bed occurence 10-13 years. On the other hand, unfavourable conditions during some of the years between such colonisation events may have prevented the formation of Mytilus beds. Therefore, the time period between the initial settlement of the oldest mussel bed pre-55 1996) , is corroborated by the amino acid age determinations which, in core MK4, gave chronological ages of 39 years and, in SWP 2000/6(1), of 8-36 years. Given the relatively large error in amino acid age determination, which is due to the lack of independent calibration, the agreement between the estimates for the 1992-1994 samples and the aspartic acid D:L racemisation data is quite satisfactory. The stratigraphic successions in the core profiles from the Swinnplate, as well as the determinations of chronological ages, reflect alternations between Mytilus beds present for several years and periods where Mytilus beds are lacking. Thus the results of our studies (cf. Hertweck and Liebezeit 1996) provide valuable insights into the history of this environment and its colonisation. In the present case several decades of development and variations in the faunal community structure of the tidal flat studied are evident, although in the cores taken in 2000 the uppermost of the two historic and hence second youngest colonisation period is lacking. However, the presence of the oldest beds implies that the causative agents do not affect the deeper sediment column, thus also suggesting a certain degree of sediment stability in the central parts of the tidal flats.
The isolated occurrence of a dead Mytilus colony on the tidal flat surface after the ice winter of 1995/96 suggests that in intertidal environments the embedding of such post mortem remnants of faunal communities requires special conditions. Thus, preservation as recognisable mussel bed remnants in the stratigraphic record is most probably the exception rather than the rule. Normally, mussel beds undergo a gradual deterioration process resulting in the production of dead, but still articulated, shells which will soon be separated by decay of the ligament. Subsequently, the Mytilus valves are subject to reworking and locally limited transport by wave action and currents. In this way, articulated dead Mytilus shells occur only sporadically in living Mytilus beds, as demonstrated by Wehrmann (2002) .
Besides storms, severe winters with extensive ice coverage of the tidal flats may also be causative for the more or less complete erosion of living or dead Mytilus beds (Fig. 4) . Thus, their preservation in the sedimentary record as documented by layers of sub-articulated shells appears to be related to periods with mild winters and little storm activity. On the other hand, favourable weather conditions over a period of several years may result in multi-generational Mytilus beds with a life span of about 10-13 years. This can be taken as an approximate measure for the estimation of life periods of historic mussel beds in the sedimentary record. The remnants of historic Mytilus beds preserved in the sedimentary record therefore allow a realistic reconstruction of Mytilus bed formation on tidal flats. As known from long-term biological surveys on East Frisian tidal flats (Obert and Michaelis 1991; Michaelis 1993; Millat and Herlyn 1999; Herlyn and Millat 2000) , Mytilus beds undergo considerable changes in terms of temporal fluctuation and patchiness on different scales. Fluctuation would encompass not only presence or absence, but also deterioration and recolonisation processes. Unfavourable weather conditions, predation, pollution and disturbance by fishery may also play their part in determining the presence or absence of mussel beds. Thus, premature statements about the ecological breakdown of mussel beds may arise when these processes are not taken into account. Such processes are also reflected by the sedimentary record. By applying amino acid age determination to embedded shell layers, the occurrence of Mytilus beds can be traced back into the past. Their repeated occurrence over long time periods demonstrates that Mytilus beds are a regular but not necessarily permanent faunal feature of North Sea tidal flats.
56 Fig. 4 Illustration of events leading to erosion of surface mussel beds in the Wadden Sea. Left effects of a severe ice winter, a freezing of both living mussels and substratum and removal by ice drift, b scraping of living Mytilus beds by icefloes. Right erosion and transport of surface sediments by storm surges also affecting deeper sediment layers with embedded historic Mytilus beds
Conclusions
The results presented above show that alternations of historic Mytilus beds rich in sub-articulated shells and shell-free sediment layers provide insight into the development of tidal flat environments.
Such alternations point to repeated colonisation and post mortem embedding of Mytilus beds and intermittent periods where mussel beds are lacking. Amino acid dating allows us to relate this variability to a temporal framework, thus enabling a more quantitative assessment of the historic development.
Stratigraphic successions with intercalations of historic Mytilus beds, as found in the Spiekeroog tidal flats, show that mussel beds are a regular but not necessarily permanent faunal feature of back-barrier tidal flats in the North Sea.
